Cyclic GMP and cyclic AMP levels during growth and differentiation of B. emersonii were measured by use of chemical, biochemical, and immunologic assays. Of particular interest was the finding that net synthesis of cyclic GMP occurred during a single stage of its life cycle, sporulation, when intracellular levels increased 50-to 100-fold in a process requiring protein and RNA synthesis.
Cyclic AMP and cyclic GMP are generally regarded as growth-regulatory agents in animal cells and bacteria (1) (2) (3) (4) . In general, high intracellular levels of cyclic AMP are associated with conditions that arrest or limit growth and high levels of cyclic GMP with a change to more favorable growth conditions (3) . Intracellular cyclic AMP levels in a variety of eukaryotic microorganisms also increase as conditions become less favorable for growth (5-7); however, we are not aware of any report documenting the existence in these organisms of cyclic GMP.
This report establishes the presence of both cyclic AMP and cyclic GMP in the aquatic fungus Blastocladiella emersonii (8) . In addition, we describe an analysis of cyclic nucleotide levels at different stages of the life cycle. The levels of cyclic AMP and cyclic GMP were found to change markedly during cytodifferentiation. Of particular interest is our finding that net synthesis of cyclic GMP in B. emersonii occurs only as growth ceases during sporulation, when intracellular levels increase 50-to 100-fold.
MATERIALS AND METHODS
Media. Glucose-casamino acid and peptone-yeast extractglucose growth media, and buffered CaCl2 solution were as described (9) .
Cell Growth and Development. Routinely 1 to 2 X 109 zoospores, obtained as described (9) , were inoculated into 900 ml of glucose-casamino acid medium in a water-jacketed spinner flask. The temperature was maintained at 270 by circulating water. Germination, assayed by microscopic observation (10) , was complete by [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] min, when each zoospore had given rise to a uninucleate germling. Stirring and aeration (11) were then begun and continued for about 5-6 hr. At this time the culture consisted entirely of multinucleate vegetative cells; sporulating cells and zoospores were never detected in vegetative cell populations examined under the phase-contrast microscope. Growth medium was then exchanged by filtration for one-half its volume of buffered CaCl2 to induce sporulation (10, 11) . Two hr after the exchange ) 90% of the cells had formed a prominent discharge papillum (11) , and by 4 hr >90% had released zoospores.
Radioimmune Analysis of Cyclic Nucleotide Levels. At different times in the growth cycle aliquots (50 or 100 ml) were removed from the culture, and the cells were collected by centrifugation (5 min, 2000 X g) at 4°. Zoospores were first filtered over Sargent 500 paper to remove vegetative cell debris (12 purified and separated from each other by chromatography on neutral aluminum oxide (0.4 X 4 cm) and Dowex-1 (Cl-) (0.8 X 2.5 cm) columns as described by Mao and Guidotti (16) . Final purification was achieved by two preparative paper chromatographic steps. Appropriate fractions from the Dowex-1 column were evaporated to dryness under reduced pressure, the residues were dissolved in 0.2 ml of water, and the solutions were neutralized with a small volume (1-2 Ml) of 2 M KOH. Unlabeled cyclic AMP or cyclic GMP, as appropriate, were added as absorbance markers. Descending chromatography was on Whatman 3 MM paper for 13 hr in a solvent system containing 1 M ammonium acetate and 95% ethanol (3:7 by volume). Sections of paper containing cyclic AMP (RF = 0.43) or cyclic GMP (RF = 0.39) were eluted' with water in a sealed chamber. The effluents (5-10 ml) were evaporated under reduced pressure, and the residues were dissolved in 0.35 ml of water. A second descending chromatographic step was carried out as above in a solvent system containing saturated ammonium sulfate, 1 M sodium acetate, and isopropanol (80:18:2 by volume). This chromatogram was cut into 2-cm sections, each of which was eluted with 2.5 ml of water. One ml of each fraction was counted in a liquid scintillation counter set to discriminate between 32p and 'H. Fractions containing cyclic nucleotides were pooled, dried under reduced pressure, and dissolved in buffer containing 50 mM Tris HCl (pH 7.5), 10 mM MgSO4, and 5 mM 2-mercaptoethanol. One aliquot was incubated at 370 for 60 min Tritiated cyclic nucleotides were purified before use by alumina and Dowex-1 chromatography (16). Dowex-50 (H+) (AG50W-x8 100-200 mesh) and Dowex-1 (Cl-) (AGl-x2 200-400 mesh) were purchased from BioRad Laboratories, Richmond, Calif. Neutral aluminum oxide (grade I) and butyrylated cyclic nucleotide derivatives were from the Sigma Chemical Co., St. Louis, Mo. Cycloheximide was from Calbiochem, La Jolla, Calif. Purified bovine heart cyclic nucleotide phosphodiesterase (EC 3.1.4.17; 3': 5'-cyclic AMP 5'-nucleotidohydrolase) was obtained from the Boehringer-Mannheim Corp. or from the Sigma Chemical Co. B. emersonii cyclic AMP phosphodiesterase Was a dialyzed, 10,000 X g supernatant fraction from zoospores (17) . Other materials were obtained from standard commercial sources.
RESULTS
Assays of Cyclic Nucleotides. Cyclic nucleotide levels were routinely measured by competition radioimmune assays (14) . In order to confirm that the substances measured in the respective assays were cyclic AMP and cyclic GMP, we used different cyclic nucleotide phosphodiesterases (Table 1) . Beef heart phosphodiesterase, active against cyclic AMP and Beef heart (20,ug) 0.5 0.8
For cyclic AMP hydrolysis, aliquots (15 ,A) of an acid-soluble zoospore extract in 0.05 M Na acetate buffer (pH 6.2) were added to 0.5 ml of triethylamine bicarbonate buffer (pH 7.5) containing 10 mM MgSO4 and enzyme, as indicated. Incubation was for 60 min at 37°. The samples were then heated at 1000 for 2 min and dried under reduced pressure. The residue was dissolved in 0.3 ml of 0.05 M Na acetate buffer (pH 6.2) and assayed for cyclic AMP content by the radioimmune assay as described in Materials and Methods. Samples for cyclic GMP hydrolysis were treated identically, except that the extract was from 2-hr-sporulating cells.
and 90% of the cyclic GMP measured in the respective radioimmune assays. Moreover, a phosphodiesterase specific for cyclic AMP that we have isolated from zoospores of B. emersonii (17) degraded the cyclic AMP but had no effect on the level of cyclic GMP measured in the assay. In addition, zoospore cyclic AMP levels measured by the radioimmune assay were the same as those measured by the Gilman isotope dilution assay (Table 2) .
Cyclic AMP and cyclic GMP could also be detected by direct isolation from cells labeled with 32pi. Sporulating cells were chosen because S2Pi of high specific activity could be used in the absence of growth and because other data (see below) had established that net cyclic GMP synthesis occurred only during sporulation. 32P-Labeled cyclic nucleotides were identified by cochromatography with 3H-labeled cyclic nucleotides added as standards (Fig. 1) . Material isolated as 32P-labeled cyclic AMP or cyclic GMP was quantitatively converted to the corresponding 5'-mononucleotide by incubation with bovine heart cyclic nucleotide phosphodiesterase, as described in Materials and Methods. After adjusting for the yield of the 3H-labeled compounds through the purification (58% for cyclic AMP and 35% for cyclic GMP), we calculate that about 5500 cpm of 32P were incorporated into each compound. The (19) and maintain a comparatively low level of biosynthetic activity (9, 20, 21) ; they are motile by means of a single, posterior flagellum and lack a cell wall (10, 22, 23) . Zoospores contained comparable levels of cyclic AMP and cyclic GMP, equal to about 7 pmol/,ug of DNA (Table 2) . If a zoospore is assumed to be roughly a sphere with a radius of 4 Mm and to contain 4 ,ug of DNA per 108 cells (Fig. 2) (Fig. 2) . Thereafter, as growth (indicated by increasing DNA content per cell) commenced, the cyclic AMP level remained constant with respect to DNA, whereas the cyclic GMP level continued to decline; by 5 hr the cyclic GMP level was consistently about 1% of the zoospore level. It thus appears that vegetative cells effect the net synthesis of cyclic AMP, but not cyclic GMP, at a rate comparable to the growth rate. This relation between the cyclic AMP level and the growth rate was also apparent in cells grown in a richer peptone-yeast extract-glucose medium (not shown).
Growth continues unless nutrients are withdrawn (11) or until the cells reach a limiting size (24). In either case growth ceases and the cells differentiate and cleave into progeny zoospores, which are released into the medium (25) (sporula- tion, stage IV). Cyclic nucleotide levels were unchanged for about 60 min after growth medium was exchanged for buffered CaCl2 to induce sporulation (Fig. 2) . Between 60 and 150 min, prior to cytokinesis and zoospore release, the cyclic GMP level rose about 100-fold.* In contrast, the cyclic AMP level remained unchanged until progeny zoospores were released into the medium between about 160 and 240 min (as shown by the decrease in DNA content per cell; Fig. 2 ), when it increased to the characteristic zoospore level. By this time net cyclic GMP synthesis had stopped, and cellular cyclic GMP levels actually declined as free cyclic GMP was released into the medium along with zoospores ( suggested by the incorporation of 32P (Fig. 1) , the cyclic GMP level did not always exceed the cyclic AMP level to the degree shown in Fig. 2 . In other experiments, utilizing the radioimmune assays, cyclic AMP and cyclic GMP levels measured 120 min after the onset of sporulation were more nearly comparable (see Table 4 ).
Proc. Nat. Acad. Sci USA 72 (197, 6) Intracellular cyclic GMP was measured by radioimmune assay as described in Materials and Methods. Extracellular levels were measured in 2000 X g supernatant fractions (10 ml) of media.
The fractions were filtered through Millipore filters (0.45 Mm), lyophilized, dissolved in 0.22 ml of 0.05 M Na acetate (pH 6.2), and assayed by radioimmune assay. Zoospores were fixed in 0.4% formaldehyde and counted under a hemocytometer grid.
By 270 min, more than 90% of the cells had released zoospores and could be observed under the phase-contrast microscope as empty cell walls.
since either cycloheximide or actinomycin D added at the beginning of sporulation blocked any increase in the cyclic GMP level (Table 4 ). This may have been an indirect effect of these agents, which in these experiments as in others (11) block a variety of events related to sporulation. However, as neither compound appreciably altered the cyclic AMP level (Table 4) , we suggest that vegetative cells lack components necessary for (cyclic GMP synthesis, and that these must be synthesized de novo during sporulation.
Effect of Exogenous Cyclic Nucleotides on Germination and Growth. Cyclic AMP, N6,02'-dibutyryl cyclic AMP, cyclic GMP, and N2,02'-dibutyryl cyclic GMP, each at a final concentration of 1 mM, had no effect on germination, as judged by microscopic examination of cells. Of the four compounds, only cyclic AMP had any noticeable effect on growth rate, estimated by DNA content. After 5 hr the DNA content of cells grown in the presence of 1 mM cyclic AMP was 76% that of control cells; the other three compounds altered the growth rate by no more than 44%.
DISCUSSION
The cyclic AMP level in B. emersonii was higher in nongrowing zoospores than in vegetative cells. This difference in cyclic AMP levels may be related to the zoospore's ability to sustain itself in the absence of exogenous nutrients by utilizing endogenous carbohydrate and lipid reserves (19) . In any case, intracellular cyclic AMP levels in bacterial (26), protozoan (5), fungal (6) , and cultured animal (4, 27) cells often increase in conditions that arrest or limit growth.
This report documents the existence of cyclic GMP in a fungal cell. The cyclic GMP level in B. emersonii increased during sporulation, when growth ceased, and decreased during zoospore release and again during germination, just before growth commenced. Bernlohr et al. (26) reported that the cyclic GMP level in Bacillus licheniformis also increases as these cells become committed to sporulation at stationary phase, but an inverse relation between cyclic GMP levels and growth of a eukaryotic cell has not been reported (2, 3, 28, 29) . 20.6 0.02 4.5
Assays were as described in Materials and Methods. Actinomycin D (5 ug/ml) or cycloheximide (10 ,sg/ml) was added at the time sporulation was induced. At the levels used in these experiments, both agents blocked sporulation, as described by Murphy and Lovett (11) . Sporulating cells were harvested 2 hr after induction. * Values are pmol/,sg of DNA.
The remarkable increase in intracellular cyclic GMP at a defined stage in its life cycle, along with techniques for studying growth and development of pure, synchronous populations in liquid media, recommends B. emersonii as a useful organism for studies of the regulatory role of cyclic GMP.
